Arctic sea-ice loss is a leading indicator of climate change and can be attributed, in large part, to atmospheric forcing. Here, we show that recent ice reductions, weakening of the halocline, and shoaling of the intermediate-depth Atlantic Water layer in the eastern Eurasian Basin have increased winter ventilation in the ocean interior, making this region structurally similar to that of the western Eurasian Basin. The associated enhanced release of oceanic heat has reduced winter sea-ice formation at a rate now comparable to losses from atmospheric thermodynamic forcing, thus explaining the recent reduction in sea-ice cover in the eastern Eurasian Basin. This encroaching "atlantification" of the Eurasian Basin represents an essential step toward a new Arctic climate state, with a substantially greater role for Atlantic inflows.
O ver the past decade, the Arctic Ocean has experienced dramatic sea-ice loss in the summers, with record-breaking years in 2007 and 2012 for both the Amerasian Basin and the Eurasian Basin (EB). More remarkably, the eastern EB has been nearly icefree (<10% ice coverage) at the end of summer since 2011 (Fig. 1) . Most sea-ice-mass loss results from summer solar heating of the surface mixed layer (SML) through cracks in the ice and open water, and consequent melting of the lower surface of the ice (1) (2) (3) . Heat advected into the EB interior by Atlantic water (AW) generally has not been considered an important contributor to seaice reduction, due to effective insulation of the overlying cold halocline layer (CHL) (4) that separates the cold and fresh SML and pack ice from heat carried by the warm and saline AW.
There are, however, reasons to believe the role of AW heat in sea-ice reduction is not negligible and may be increasingly important (5). Nansen (6) identified the importance of warm (temperature >0°C) and salty intermediate-depth (150 to 900 m) AW in establishing the thermal state of the Arctic Ocean. Later studies demonstrated that AW is transported cyclonically (counterclockwise) along the deep Arctic Basin margins (7) (8) (9) (10) , carrying enough heat, if released, to melt the Arctic sea ice many times over. Observations from the 1990s and 2000s documented two warm, pulselike AW temperature anomalies on the order of 1°C (relative to the 1970s), entering the Arctic through Fram Strait and occupying large areas of the Arctic Ocean (11) (12) (13) (14) . The strength of the 2000s warming peaked in [2007] [2008] , with no analogy since the 1950s (14) . This AW warming has slowed slightly since 2008 (Fig. 2C) .
Strong stratification, which is found in most of the Arctic Ocean, prevents vigorous ventilation of the AW. One notable exception is the western Nansen Basin, north and northeast of Svalbard, where proximity to the sources of inflowing AW makes possible strong interactions between the SML and the ocean interior (5) . Specifically, weakly stratified AW entering the Nansen Basin through Fram Strait is subject to direct ventilation in winter, caused by cooling and haline convection associated with sea-ice formation (15) . This ventilation leads to the reduction of sea-ice thickness along the continental slope off Svalbard (16, 17) . In the past, these conditions have been limited to the western EB, because winter ventilation of AW in the eastern EB was constrained by stronger stratification there. However, newly acquired data show that conditions previously only identified in the western Nansen Basin now can be observed in the eastern EB as well. We call this eastward progression of the western EB conditions the "atlantification" of the EB of the Arctic Ocean.
Overview of sea-ice state
The progressive decline in sea-ice coverage of the Arctic Ocean during the satellite era, at 13.4% per decade during September (18) , has been accompanied by decreases in average sea-ice thickness of at least 1.7 m in the central Arctic (19, 20) . In the region of the eastern EB defined by the polygon in Fig. 1A , the local changes since 2003 have also been substantial. With the northward retreat of multiyear sea-ice cover (21) , coverage within that polygon is now dominated by seasonal ice, either advected from the east and south or produced locally. Mean September ice coverage has been <10% of the total area during the past 5 years, portending ice-free summers in coming years if current sea-ice trends prevail. Annual open-water coverage has increased from less than 1 month to more than 3 months in recent years (Fig. 1B) ; these longer ice-free periods, maintained by atmospheric and ocean conditions, increase direct air-ocean interactions (momentum and energy exchanges). Available satellite estimates of ice thickness in this region-typically sparse-suggest a concurrent trend, leading to an overall thinning of~0.5 m (in March) from 2003 through 2015 (Fig. 1C) . Satellite records show that this pattern continued in 2016, with less extensive (compared with record minimum) December sea-ice extent in the Kara and Barents Seas (22) .
Role of atmospheric thermodynamics in sea-ice decline
Arctic-wide warming is evident from surface air temperature trends ranging between 0.1°and 0.3°C per decade for the period 1984 to 2012 (23) . Surface air temperature trends from weather stations and ERA-Interim reanalysis data for the Laptev Sea and eastern EB region far exceed observed average Arctic regional trends ( fig. S1 , A to C), consistent with recently enhanced sea-ice decline. The net atmospheric thermodynamic effect on sea ice cannot be quantified using surface air temperature records alone, because changes in this parameter omit thermodynamic forcing due to additional atmospheric processes.
Fortunately, records are available for fast-ice (motionless seasonal sea ice anchored to the shore, which melts and refreezes each year) thickness, providing a measure of nearly pure atmospheric thermodynamic forcing over the broad, shallow Siberian shelves, where the effect of advected or seasonally stored oceanic heat is negligible. Records from five locations along the Laptev Sea coast (fig. S1E) have been used to construct a composite time series showing that increased melting in the eastern EB/Laptev Sea region during the past decade accounted for~18 cm of ice thickness loss ( fig. S1D ). This estimate is statistically significant at the 95% level (using Student's t test) and suggests that atmospheric thermodynamic forcing plays an important role in reducing EB sea-ice coverage.
Recent "atlantification" of the Eurasian Basin
Observations from 2013 to 2015 using oceanographic moorings ( fig. S2 ) and drifting Ice-Tethered Profiler buoys (ITPs) (3, 24) provide evidence that the eastern EB is in a transition to conditions similar to the western Nansen Basin. Mooring observations over the central Laptev Sea slope sustained since 2002 reveal anomalously strong seasonal signals in the subsurface layers during recent years ( Fig. 2C and  fig. S3 ). In particular, the enhanced seasonal signals in the winters of 2013-2014 and 2014-2015 are associated with warming (Fig. 2, B and C) and shoaling of the AW layer (Fig. 2, B and D) and weakening of the stability of the CHL and upper pycnocline (~50 to 150 m) (Fig. 2B) . As a result, the strength of the seasonal signal, as shown by wavelet analyses (Fig. 2D and fig. S3 ), was intensified. The AW layer's seasonal temperature range at the M1 4 (Fig. 2D) , with direct consequences for winter entrainment of AW in the upper ocean.
Observations from the widely distributed array of moorings and ITPs can be used to place measurements from the M1 4 mooring location in a basin-wide context (Fig. 3) . Temperature and salinity distributions provided by ITP-93, which drifted along the Lomonosov Ridge separating the Amerasian and Eurasian basins, are distinct from those provided by other instruments (Fig. 3) . They show a stable SML and CHL (white and black lines in January and April (14) . This analysis has also suggested that the increased heat transfer from the AW to the SML in winter is likely caused by a combination of brine-driven convection, associated with sea-ice formation and larger vertical velocity shear below the base of the SML, which is enhanced by strong winter storms and a more mobile ice cover. (26, 27) . The disappearance of the CHL was also observed in the central Amundsen Basin in the mid-1990s (28) . This was explained by a deficit of fresh water in the region, due to a diversion of Siberian river waters further eastward along the coast that was driven by changes in the atmospheric circulation.
The deep winter ventilation and the disappearance of the CHL in the eastern EB (eastward from Severnaya Zemlya, >90°E) at several mooring sites in 2013 to 2015, however, are unprecedented (Figs. 3A and 4). Substantial changes in seasonal heat content Q (see definition in the supplementary materials), driven by surface cooling and salinification during winter sea-ice formation, occurred in the upper 130-m layer at M3e, M1 3 , M1 6 , and M6b mooring sites. If this trend persists, convectively driven winter development of the deep (>80 m) SML, combined with ventilation of the upper 130-m ocean and associated disappearance of the CHL would represent a fundamental change, with the eastern EB water-column structure becoming less stratified and susceptible to further mixing.
Role of oceanic heat in sea-ice decline ) characterize the rate of change in Q and are equivalent to a divergent heat flux F h (see definition in the supplementary materials). AW is the major source of heat for the layer underlying the CHL in this part of the Arctic Ocean. The seasonal mean F h through the CHL and upper pycnocline inferred from these trends varies from 3.3 to 24.1 W m −2 (Table 1 ) (for reference, 1 W m −2 over a single year is equivalent to~10 cm of ice loss).
Another potential contributor to the observed change in Q may be the lateral advection of heat. We argue, however, that the in-phase seasonal maxima and minima of wavelet transforms of Q as provided by all moorings (fig. S4) , and the lack of any lag between Q calculated within separate overlying depth layers (not shown), each strongly suggest that the observed winter ventilation of the CHL and upper pycnocline is driven by surface cooling and sea-ice formation, not by lateral advection. Additional support for this statement comes from the wavelet analysis of Q records-not just from moorings M1 3 and M1 6 but from all six moorings deployed across the EB continental slope from 2013 to 2015 (see the supplementary materials for data description)-showing in-phase seasonal variations (not shown). The very different speeds of water transports across the slope, ranging from 13 cm/s (measured by 250-to 700-m shallow moorings) to 1 to 2 cm/s (measured at 2700 m and deeper mooring locations) make the in-phase pattern of the seasonal signal at all moorings impossible to explain using the advective mechanism. Moreover, the M1 6 mooring was placed in the ocean interior, well away from the intense heat transports associated with the near-slope boundary current, and yet data from this mooring yielded estimates for F h consistent with estimates from other moorings deployed on the eastern EB continental slope.
Spatial averaging yields a seasonal mean F h = 12.2 ± 3. materials) may be a local factor, which can cause shoaling of AW and its ventilation. However, our estimates suggest that Ekman pumping can explain only a 1.5-m seasonal shoaling of the AW and therefore does not contribute substantially to the anomalous state of the eastern EB in recent years ( fig. S5 ).
Geochemical observations demonstrated that fresh shelf waters cross the Laptev Sea shelf break primarily at the Lomonosov Ridge-continental slope junction (30) . Thus, although variations in atmospheric forcing have been shown to affect the storage or release of shelf waters (30) that affect stratification in the Amundsen Basin (28), such variations likely play only a minor role in the recent changes observed in the eastern EB.
We thus conclude that the source of changes associated with the AW in the eastern EB lies in processes beginning in upstream locations- the response in the Barents Sea to increased AW heat input there (31) . During these extended icefree periods over the slope north of Svalbard, enhanced local wind-driven generation and breaking of internal waves would be expected, as has been observed elsewhere in the Arctic (32) . As a result, increased subsurface vertical mixing would tend to reduce the temperature gradient and increase Q above the temperature maximum in the AW inflow core, consistent with fig. S6 , D and E. Additionally, the longer ice-free season over a larger area allows more solar radiation to be absorbed in the upper ocean, thus compensating to some degree for the increased local heat loss to the ice and atmosphere.
Discussion
This study provides evidence that the eastern EB is now in transition to conditions previously unique to the western Nansen Basin-an extension of more than 1500 km along the AW pathway from Fram Strait, as far as 125°E. The term "atlantification" is applied to the northward movement of sea ice in the Barents Sea, with attendant reductions in stratification, increased vertical mixing, and altered primary production (33, 34) . The recent extension of "atlantification" far into the EB, and the suite of associated processes, is shown conceptually in Fig. 5 . The major driver for these changes is a powerful combination of processes associated with declining sea-ice cover and weakening of stratification in the layers over the AW. Gradual weakening of stratification in the eastern EB halocline began in at least the 1970s (28, 35) , providing the necessary preconditioning for a reconstruction of water mass structure. Weaker stratification and shoaling of the AW, together with net loss in ice volume, allow progressively deep winter ventilation in the eastern EB. This ventilation has resulted in enhanced upward AW heat fluxes, key to establishing the diminished sea-ice cover in the eastern EB during recent years. Changes associated with "atlantification"-weakened stratification, increased vertical mixing, and sea-ice decline-will have dramatic effects on other geophysical and biogeochemical components Fig. 2 ). Maxima and minima of wavelet transforms were used to define the boundary of winter seasons (fig. S4 ). These boundaries were used to calculate trends in Q shown by red (winter 2013-2014) and orange (winter 2014-2015) lines. Slope of trends defines the rate of change of Q in time, which is equivalent to the divergent heat flux F h (shown in red and orange).
of the Arctic Ocean system. These include enhanced atmosphere-ocean interactions [with potential but highly debated mid-latitude consequences (36)], altered freshwater storage and export patterns within the Arctic Ocean (37), intensified shelf-basin exchange (38) , increased primary production due to increased nutrient supply (39) , and possibly changing the ocean's response to acidification due to the high buffering capacity of AW (40) . Although specific physical mechanisms involved in sea-ice decline and upper ocean ventilation remain under debate (5), it is likely that higher-than-normal AW temperatures and salinities in the Nordic Seas, upstream of the Arctic Ocean gateways (41), will promote the further eastward "atlantification" of the polar basins. This follows with scenarios for regional ocean state responses to the climate changes proposed in (42) and has substantial effects for future changes in the Arctic Ocean and its sea-ice cover. The validity of extrapolating trends in the Arctic climate system into the future is affected, however, by the existence of large-amplitude, highlatitude variability (43) (44) (45) . It is therefore imperative to apprehend how to separate climate trends and variability and to understand their nature in order to improve the accuracy of climate projections. 
